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ABSTRACT
Tree mortality is increasing with the effects of climate change and drought across the
Amazon Basin while intense fires are becoming more prevalent. Tropical moist forest trees
generally lack adaptations that protect against mortality during an intense fire, so anthropogenic
burning typically kills high percentages of trees. Following disturbances where prescribed
burning is used to limit woody encroachment and to fertilize the soil, abandoned land in central
Amazonia becomes dominated by the pioneer tree genus, Vismia. Although the mechanisms by
which Vismia comes to dominate previously-burned areas are not known, previous studies on
anthropogenic land use and forest succession have hypothesized that the genus possesses a
superior ability to resprout after intense fire relative to other tree species. This dissertation
examines how Amazonian trees respond to anthropogenic disturbances like clearcutting and
slash-and-burn agriculture. Differences in survival and resprouting ability among tree species
along the gradient of disturbance severity and across disturbance types can influence the species
composition of the regenerating forest community and alter forest structure for decades. Here,
we examine the role of resprouting and seeding responses of Vismia species and other tree
species common to regenerating tropical moist forests after anthropogenic disturbances,
specifically cutting and prescribed fires. We found that species of Cecropia, a tree genus
containing neotropical pioneers, along with Vismia, can resprout after losing all or most of their
aboveground damage and that Cecropia survived cutting often than Vismia. Although less likely
to survive cutting, those Vismia species were more likely than Cecropia to resprout from
belowground tissues. As tissues situated belowground are better protected from fires than
aboveground tissue, Vismia species may be more likely to survive and resprout following
anthropogenic fires. Following a prescribed fire, we found that while several species were
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eliminated, Vismia species and two additional species common to secondary forests in
Neotropical forests resprouted after burning. Vismia species were the only trees, however, that
successfully colonized recently-burned areas by resprouting and seeding, whereas other tree
species colonized by either seeding or resprouting. Although Vismia can recolonize after fire,
post-fire resprouting ability does not fully explain why the genus dominates degraded
Amazonian forest. Instead, the combined ability of Vismia species to resprout and seed after fire
may explain Vismia persistence through repeated annual fires and the genus’ dominance in the
regenerating forest community for decades after abandonment. Finally, we used a long-term
survey of forest succession following anthropogenic disturbances to ask whether the occurrence
of multi-stemmed individuals relative to single-stemmed trees changes with the number of
anthropogenic fires that took place prior to land abandonment. Trees that have multiple stems are
likely the product of resprouting after being damaged and we found that several tree species
commonly found on abandoned land that was previously burned multiple times were more likely
to have multiple stems with increasing fire frequency. This dissertation demonstrates that the
mechanisms by which Vismia species come to dominate degraded Amazonian lands is more
complex than previously thought. By better understanding how trees in the largest tropical forest
on the planet respond to anthropogenic disturbance may help us mitigate the loss of biodiversity
in the face of increasing pressure from humans in tropical regions worldwide.
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CHAPTER 1.
INTRODUCTION
1.1. OVERVIEW AND RESEARCH OBJECTIVES
The destruction and degradation of ecosystems by humans is a major environmental
concern of global importance. Urban expansion and conversion of natural landscapes for
agriculture are leading causes of population declines and extinctions across the planet (IPBES
2019). As the global climate changes, we continue to diminish, degrade, and fragment oncecontinuous landscapes. Ecologists must examine how anthropogenic pressure shapes community
structure and function.
Tropical forests harbor a vast quantity of the planet’s biodiversity and humans are
clearing and converting these rich ecosystems at alarming rates. Although tropical forests cover
less than 10% of the world’s surface area, they contain over half of its known plant species. For
example, the lowland rainforests of the Amazon basin span approximately 3.6% of the Earth’s
surface (~5,500,000 km2 ) and harbor ~14,000 of angiosperm species (Cardoso et al. 2017).
Amazonia also serves asthe primary source of biodiversity for the Neotropics, with nearly 2,000
lineages of flowering plants and vertebrates present across the region originating from Amazonia
(Antonelli et al. 2018). Unfortunately, 15.9 ± 2.5 M ha of lowland wet forest were cleared
between 2000 and 2010 within the Amazon Basin, approximately 80% of which were within the
Brazilian Amazon (Song et al. 2015).
Two factors driving deforestation in central Amazonia are logging and conversion to
pasture and these land uses differ markedly in severity and duration. Logged forest tracts are
typically clearcut once to provide easy access to timber and abandoned immediately after wood
is harvested. Pasture formation and maintenance, however, spans several years and comprises
multiple disturbance events (clearcut and fires). After clearcutting, ranchers burn remaining
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woody debris (slash) to clear the area and transfer carbon and nutrients to the highly-weathered
soils, sow exotic grasses, and graze their cattle. Ranchers must conduct annual burns to stave off
encroaching woody vegetation and replenish pasture grasses. Productivity diminishes rapidly as
unprotected soils leach nutrients and erode from heavy, unimpeded rains. Livestock and ranchers
gradually abandon pastures 4-8 years after establishment when grasses are overtaken by
unpalatable woody shrubs (Uhl et al. 1988). What remains is a matrix of low-growing trees,
remnant pasture and weedy shrubs.
Prior land-use strongly influences the composition and structure of the plant community
regenerating on abandoned agricultural land (Guariguata & Ostertag 2001, Mesquita et al. 2001,
Chazdon 2003). Immediately after a clearcut is abandoned, a dense matrix of resprouts from cut
and damaged trees emerges and within two years this matrix thins and the regenerating forest
becomes dominated by trees of the genus Cecropia (specifically, C. purpurascens and C.
sciadophylla), a common and widespread neotropical tree genus that contains early-colonizers of
disturbed areas (Clark & Clark 1992). Cecropia grow rapidly, reaching maturity 1-2 decades
after germination, and initially form the dominant canopy species on clearcut land. After
approximately 15 years, Cecropia is replaced by a heterogeneous set of slower-growing, shade
tolerant species (Mesquita et al. 2001, Williamson & Mesquita 2001, Longworth et al. 2014).
Pastures, by contrast, become dominated by the late-successional tree genus, Vismia
(specifically, V. cayennensis, V. guianensis, V. japurensis), when abandoned. More than 30 years
after abandonment, Vismia remains the principal component of these low-diversity, savannahlike forests that bear little resemblance to previously-clearcut forests nor the mature wet forest it
replaced (Longworth et al. 2014). The mechanisms by which Vismia dominate on abandoned
pastures are poorly understood. Some have suggested that Vismia resprouts vigorously from
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undamaged tissues after burning when most other species are killed (e.g., Uhl, 1987; Williamson
and Mesquita, 2001), but the role of resprouting in forest succession has not been explored in this
system.
The overarching question for this dissertation project is: Why are Vismia species
successful colonizers of highly-degraded pastures and how do they maintain dominance? I
explore this by examining the role of species-specific post-fire colonization strategies in shaping
the successional forest communities after human land use change.
1.2. RESPROUTING
In tropical forests, disturbance is a natural process whereby trees often incur damage to
the main stem or auxiliary branches. A seedling growing in the forest understory may encounter
falling canopy debris (Aide 1987, Clark & Clark 1991), windthrow from hurricanes or high wind
(Bellingham & Tanner 1994), stem snap from herbivores (Ickes et al. 2003), or any of a myriad
disturbance types along the severity spectrum. Survival and, ultimately, reproduction depend on
a plant’s ability to resprout after the loss of aboveground tissue necessary for photosynthesis
(Kammesheidt 1999).
As juveniles, nearly all woody dicotyledonous trees are capable of producing sprouts in
response to damage to aboveground tissues (Wells 1969), but this capacity diminishes for some
as adults (Del Tredici 2001, Shibata et al. 2014). A damaged individual’s resprouting response is
limited, however, by the extent that buds and resources are lost as a result of the disturbance and
by the external environment that influences its growth and resource allocation (Clarke et al.
2013). As a result, there is often great intraspecific variability in survivorship and the number of
resprouts produced within resprouting species (Moreira et al. 2012).
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Though some species will sprout continuously without losing or sustaining damage to the
main stem (Midgley & Cowling 1993), resprouting is generally a means for established
individuals to persist following a disturbance when all or part of an individual’s aboveground
biomass is lost (Bellingham & Sparrow 2000, Bond & Midgley 2001, Poorter et al. 2010). An
intact root system and easily-mobilized carbohydrate and nutrient reserves are necessary for the
initiation of resprouting following a disturbance (Pate et al. 1990, Langley et al. 2002) and may
provide an advantage over trees recruiting from seed that lack those already-developed structures
(Pausas & Keeley 2014).
1.3. DISSERTATION SYNOPSIS
Differences in success and the dominance of Vismia and Cecropia trees on abandoned
pastures and clearcuts, respectively, may be the result of differential resprouting ability or
sensitivity to fire. The success of Vismia following anthropogenic land use has been attributed to
its ability to resprout and the presumed inability of other early-successional species to resprout
following fires (e.g., Uhl 1987b, Williamson et al. 1998, Mesquita et al. 2001). These other
species typically co-occur with Vismia following a clearcut without conversion to pasture;
however, pasture fires appear to kill aboveground stems of all trees. In Chapter 2, I tested the
resprouting response of experimentally-damaged recruits of Vismia species relative to those of
Cecropia, a genus usually eliminated from pastures. I asked how damage typical of a clearcut
event impacts survival and resprouting in species of Vismia (V. cayennensis, V. guianensis, V.
japurensis) and Cecropia (C. purpurascens, C. sciadophylla), which may help explain the
dominance of these genera in regenerating secondary forests. Given Vismia species’ dominance
on heavily-disturbed abandoned pastures, I hypothesized that they would survive in greater
numbers and would produce more resprouts relative to Cecropia species. After cutting, we found
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that Cecropia species were more likely to survive as compared tothan Vismia species. However;
however, Vismia species were more likely to resprout from belowground tissues. Many
resprouting plants adapted to ecosystems that experience severe fire events where most
aboveground biomass is killed store non-structural carbohydrates belowground in root tissues
where they are protected from burning and can be remobilized to resprout. Belowground storage
of reserves and the ability to resprout from tissues protected from fire may contribute to the postfire success of Vismia.
Many early and late-successional tree species co-occur with Vismia and Cecropia in
regenerating forests in the central Amazon, but they do not dominate after anthropogenic
disturbances. In Chapter 3, I compared resprouting and seeding of eight common pioneer tree
species following the combined disturbances of logging and prescribed burning. I hypothesized
that post-fire survival would be low among all species with most species experiencing 100%
mortality after burning except Vismia species. However, we found evidence that other species
can also resprout after burning; therefore, the success of Vismia on degraded land in Amazonia
cannot be attributed solely to superior post-fire resprouting ability. Evidence from this study
suggests that successful colonization and subsequent dominance by Vismia could occur through a
potentially unique ability to colonize by both resprouting and seeding following fire, whereas
other species present in the post-fire successional community may only colonize by either
resprouting or seeding.
In Chapter 4, I shift focus from how Vismia establishes dominance on abandoned
pastures to why it persists in these areas for several decades with little recruitment by other
species. Here, I used a 17-year survey of chronosequences spanning 35 years of forest succession
on abandoned clearcuts, pastures, and agricultural land to ask whether the frequency of fire
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during anthropogenic land use influences the occurrence of single- and multi-stemmed trees.
Although many woody plant species generate multiple stems without stimulus, angiosperm trees
typically adopt a monopodial (single-stemmed) architecture. However, if a single-stemmed tree
loses all or most of its aboveground biomass, it may generate new stems to recover lost
photosynthetic capacity. Resprouting will, at least initially, produce a multi-stemmed tree. In
fire-prone ecosystems, increasing disturbance frequency and severity should favor a multistemmed architecture (Bellingham & Sparrow 2000) as competition for light is reduced and site
productivity decreases. Changes in multi-stem demography can influence forest structure.
Differences among species may provide insight into their post-fire colonization strategies and
how that relates to forest structure and demography. I hypothesized that the probability of
individuals being multi-stemmed would increase with pre-abandonment fire frequency across
species. Fire frequency prior to abandonment did influence the probability of a tree being multistemmed; however, the effect differed among species. The proportion of multi-stemmed
individuals increased for Vismia species and G. glabra, whereas other species were not affected.
Results from this analysis suggest that the success of recolonization following a severe
anthropogenic disturbance differs by species and that the dominance of Vismia on abandoned
land that was burned may be the result of it being able to colonize shortly after burning by both
seeding and resprouting.
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CHAPTER 2.
RESPROUTING DYNAMICS OF EARLY SUCCESSIONAL TREES AFTER
ANTHROPOGENIC CLEARCUTS
2.1. INTRODUCTION
Life history strategies determine how limited resources are allocated toward traits that
influence demographic processes. The life history strategy of an organism comprises a unique
combination of traits that influence the demographic processes of growth, survival, and
reproduction – components of individual fitness (Violle et al. 2007). Allocation trade-offs among
traits are unavoidable because resources are limited and restrict the range of possible life-history
strategies (Stearns 1992). Among plants, life history strategies fall along a well-established
continuum of fast-slow growth and a second axis of reproductive strategies, all of which result
from allocation trade-offs (Salguero-Gómez et al. 2016, Salguero‐Gómez 2017). At one end of
the so-called fast-slow continuum, organisms allocate resources to rapid growth and high
fecundity at the expense of long-term survival, whereas organisms at the other extreme grow
more slowly and devote more resources to traits involved in processes that enhance survival,
such as storage and maintenance.
The trade-off between fast growth, low survival and slow growth, high survival is welldocumented for trees in tropical closed canopy forests and is closely associated with shadetolerance. Light-demanding species grow rapidly in large canopy openings but suffer high
mortality when shaded. Shade-tolerant species, by contrast, grow more slowly but have high
survival in the shaded understory. The high survival life history strategy of shade-tolerant tree
species is linked to traits such as greater carbohydrate storage (Poorter & Kitajima 2007), high
wood density (Wright et al. 2010), and increased resprouting ability (Poorter et al. 2010), which
enhance survival under low-resource conditions and after disturbances.
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Resprouting is an important trait for survival when the likelihood of being damaged is
high. After a severe disturbance, resprouting allows a damaged plant to regenerate lost biomass
and photosynthetic capacity by mobilizing stored reserves and initiating growth from meristems
along the stem and roots. Resprouting is an important process in regenerating plant communities
across diverse ecosystems including savannas (Hoffmann 1998), conifer forests (Dietze & Clark
2008), Mediterranean ecosystems (Keeley et al. 2012), and tropical forests (Poorter et al. 2010).
In the context of fire when all aboveground biomass burns, resprouting is often defined as a
binary trait; a burned plant will either survive and resprout or die. However, under less severe
disturbances in which some stem tissue survives, resprouting ability is better described along a
continuum of disturbance severity (Vesk & Westoby 2004a).
Resprouting can also differ with age or ontogeny and among species within the same
ecosystem. As juveniles, most woody angiosperms can resprout (Del Tredici 2001), but this
ability often diminishes for adults (Shibata et al. 2014). There is a nutritional and metabolic
trade-off associated with maintaining buds and reserves needed for resprouting (Vesk &
Westoby 2004), such that when the benefit of maintaining these resources is low, resprouting
ability should be reduced. Juvenile trees in the understory of tropical moist forests are more
likely than larger trees to be damaged by stem-snap from large mammals (Ickes et al. 2003),
falling canopy debris (Clark & Clark 1991), or low-intensity fire (Cochrane et al. 1999). Indeed,
resprouting ability generally decreases with stem size in tropical trees (Kammesheidt 1999,
Dietze & Clark 2008), which may reflect the decreased benefit of resprouting relative to the cost.
Resprouting ability can also differ among species in the same disturbance regime (Zimmerman et
al. 1994, Bellingham et al. 1995), which may reflect differences in cotyledon reserves in
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seedlings (Harms & Dalling 1997) and storage allocation for established individuals (Klimesova
& Klimes 2003).
Differences in resprouting ability among tree species and with disturbance severity can
influence the composition and structure of the regenerating forest community. The proportion of
of resprouters relative to seed-based germination in the community should also increase with
increasing disturbance severity and frequency. Anthropogenic land uses are subjecting lowland
wet rainforest to novel disturbance regimes that are both severe and frequent. Increasing land-use
intensity in these human-modified landscapes can alter the successional pathways of the
regenerating forest community (Guariguata & Ostertag 2001). In the central Amazon Basin, the
most common drivers of deforestation are logging and conversion to pasture and agricultural
land. Land subjected to the severe and frequent disturbance regimes of cattle ranching and
shifting cultivation engenders a secondary forest community dominated by pioneer species of the
genus Vismia (Hypericaceae; Jakovac et al. 2015; Mesquita et al. 2001). Vismia species appear to
resprout vigorously from belowground tissues such as lateral roots and the stem collar after
multiple severe disturbances. Though the mechanisms are not understood, formerly burned
pastures produce Vismia-dominated secondary forests with depauperate understories
(Williamson & Mesquita 2001) and Vismia remains dominant for at least 25 years after
abandonment with little recruitment of other species into the canopy (Longworth et al. 2014). By
contrast, logged areas are typically cut once and are rarely burned. When abandoned, these
clearcut areas become dominated by fast-growing pioneer species of the genus Cecropia
(Urticaceae; Mesquita et al. 2001). Succession on clearcut land proceeds in a manner similar to
that of large, natural tree fall disturbances, where Cecropia is replaced after one or two decades
by a diverse set of forest species (Mesquita et al. 2015).
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Differences in the success of Vismia and Cecropia trees and their respective dominance
on abandoned pastures and clearcuts may be the result of differential resprouting abilities or
sensitivity to fire. Previous research on abandoned land following anthropogenic use have
hypothesized that Vismia dominate on abandoned pastures and agricultural lands because they
are superior resprouters relative to other pioneers (e.g. Cecropia, Laetia, Goupia, Solanum,
Trema; Jakovac et al. 2016; Mesquita et al. 2001; Uhl 1987b). These other pioneers typically cooccur with Vismia in regenerating forests after clearcutting and in tree fall gaps in mature forest
but are largely absent from the regenerating forest community on abandoned pastures and
agricultural land. Intense anthropogenic fires appear to kill the aboveground stems of all trees, so
the success of Vismia could be related to an ability to survive and resprout after a severe
disturbance whereas other pioneers are killed.
The dominance of Vismia and absence of Cecropia in regenerating pastures may reflect
differential life-history strategies along the continuum of fast growth, high mortality and slow
growth, low mortality. Fast-growing, light-demanding trees like Cecropia have a high capacity
to fix carbon and invest in cheaply-produced tissues such as thin leaves and low-density stems
(Reich 2014), which should allow them to quickly regenerate lost biomass after a disturbance
if/when resources are abundant. If, however, the cost of resprouting is too great compared to the
amount of stored reserves, the damaged plant will die. Indeed, Cecropia species allocate few
resources to reserves (Würth et al. 2005). In contrast, Vismia species appear to allocate more
resources toward traits that enhance survival as they have higher wood densities and smaller,
tougher leaves relative to Cecropia. As adults, Vismia also possess large, well-developed root
systems (Pavlis & Jeník 2000) that may serve as storage organs.
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Here, we experimentally tested survival and resprouting patterns of early successional
tree species common to tropical moist terra firme forests in the central Amazon Basin. Five
species within the genera, Cecropia and Vismia, were cut at five different heights above ground
level to reflect the degree of damage a tree might incur during a clearcut. We then measured
survivorship and the number of resprouts produced at the root collar and from lateral roots four
months post-cutting. Survival after complete loss of aboveground biomass by either cutting or
fire depends on the ability to resprout from tissues at or below the ground. Therefore, we focused
on resprouts produced at the root collar (basal) and from subterranean root tissues (lateral).
Although resprouts originating along the stem (epicormic) are likely important for trees damaged
during gap-phase regeneration, we did not measure epicormic resprouts and instead focused on
cut trees ability to resprout from tissues at or below ground level. Differences in survivorship
among taxa at increasing disturbance severities (i.e. amount of aboveground biomass lost) might
influence the composition of the tree community after an anthropogenic disturbance, whereas
differences in resprout vigor may impact forest structure. We hypothesized that survival would
be highest among Vismia as they dominate the regenerating forest community after several
severe disturbances and because their slower growth habit and larger root systems suggest that
they are better able than Cecropia to resprout when damaged.
2.2. METHODS
2.2.1. Site description
We conducted the experiment at the Biological Dynamics of Forest Fragments Project
(BDFFP) located ~80 km north of Manaus, Brazil in the central Amazon Basin. The predominant
vegetation is dense, evergreen terra firme forest with 2.2-m mean annual rainfall (Satyamurty et
al. 2010) and nutrient-poor, clay soils (Ranzani 1980). Areas within the 1000 km2 project were
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clearcut in the 1980s to create 11 fragments of old-growth forest isolated from adjacent
continuous forest (see Laurance et al. 2002 for project details). After fragment isolation, clearcut
land was either abandoned or converted to pasture and subjected to annual prescribed burning.
Variable burn frequency, time since abandonment, and the duration and intensity of land use
generated a matrix of low-growing trees, remnant pasture, and weedy shrubs on former pastures.
In 1998, we established experimental plots in a recently abandoned pasture within a single ranch
within the BDFFP that was last burned 2-3 years prior to the start of our experiment.
2.2.2. Species Selection
We chose five early-successional tree species belonging to the genera Cecropia and
Vismia because they represent dominant components of the regenerating forest community after
anthropogenic disturbances in the central Amazon Basin. Light-demanding, short-lived pioneers
of Cecropia (Urticaceae) are widespread and common in the Neotropics. Recruits of C.
sciadophylla and C. purpurascens proliferate after a large-clearcut where little or no burning
takes place, growing rapidly to reach reproductive maturity before slower-growing species
overtop and replace them ~15 years after clearcutting (Mesquita et al. 2001). On the other hand,
species of Vismia (Hypericaceae), specifically, V. cayennensis, V. guianensis, and V. japurensis,
dominate abandoned pastures and agricultural lands that have been repeatedly burned
(Williamson & Mesquita 2001, Jakovac et al. 2016). Vismia tend to grow more slowly than
Cecropia (Williamson et al. 1998), which may reflect differences in allocation tradeoffs between
growth and storage. Vismia also have higher wood densities (Reyes et al. 1992) and welldeveloped root systems relative to Cecropia (Pavlis & Jeník 2000). Both genera are
representative of the local early successional community, although Cecropia tend to be more
common than Vismia in natural mature forest treefall gaps.
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2.2.3. Experimental context
Individual responses to disturbance can affect per capita success (i.e. long-term
persistence, survival to reproduction) but can also influence community dynamics and forest
structure. Therefore, we designed an experiment to test whether resprouting response of damaged
trees changed with increasing disturbance severity, as measured by decreasing the height at
which we cut tree stems above ground level. We then measured survivorship and the number of
resprouts produced by lateral roots and the main stem root collar four months post-cutting at
these five different cut heights. We established three plots within regenerating growth on a
recently abandoned pasture, 2-3 years after the last prescribed burn. Recruits of our two focal
Cecropia species (C. purpurascens and C. sciadophylla) and three focal Vismia species (V.
cayennensis, V. guianensis, and V. japurensis) were already present in the plots, having
germinated from seed within a year of the last fire. In May 1998, we randomly assigned cut
treatments to each recruit, ground level (0 cm), 10 cm, 25 cm, 50 cm, or 100 cm above ground
level, to reflect the degree of damage a recruit might incur during an anthropogenic clearcut.
Cuts closer to ground level were assumed to be more severe as more aboveground biomass was
lost. We also recorded basal stem diameter for each recruit at the time of cutting. Four months
later, in September 1998, each plant was revisited; we categorized plants as alive if the plant had
resprouted or dead if no new shoots were present. All surviving individuals resprouted from
tissues either basal to the stem, from lateral roots, or both. Basal resprouts grew from the root
collar at the main stem base, whereas lateral resprouts grew from main roots extending away
from the stem. For each surviving recruit, we recorded the number of resprouts of each type. We
were primarily interested in resprouts from plant locations that would increase survival after
topkill (i.e. death or loss of all aboveground biomass); therefore, resprouts originating from the
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stem above the root collar (epicormic resprouts) were not counted. We followed/measured 653
recruits across the five species in three replicate experimental plots and five cut height
treatments. The main plot was a 3x5 random block design between random blocks, cut height as
a fixed effect and species or genus as the split effect. Individual cut trees within species and
genus were our sample replicates.
2.2.4. Statistical analyses
Survivorship of individuals and number of resprouts by location were analyzed to
determine the shape of relationships between damage by cutting and potential effects of size of
plant at cutting (stem diameter). Most cut trees had small stem diameters, however, a few
Cecropia trees, especially C. purpurascens, were larger (Fig. A.1). Nearly all Cecropia trees >4
cm diameter were cut to ground level so we limited our analyses to individuals with stem
diameters between 0.5 and 4 cm (Fig.1). Additionally, intrageneric differences among these
relationships were tested. Generalized linear and additive models (GLM and GAM) were
compared for linearity of the relationships. Non-parametric smooth functions used thin plate
regression splines where degrees of freedom were allowed to shrink to zero where the effect was
negligible (see: Wood & Augustin 2002, Wood 2003). We graphed the effects of continuous
covariates and showed differences among taxonomic levels with bar plots. Exact numbers are
inferred from model parameters. In all cases, model residual scatterplots and normal quantile
relationships were examined to ensure robust normality of residuals and lack of variance patterns
within the residuals. Candidate models were chosen a priori based on whether they were
biologically meaningful. We therefore, did not try all possible statistical models. If multiple
candidate models existed, we chose the best fit model from similar GLMs and GAMs by
minimized AIC (Akaike 1973) for any model where all effects were significant. Where AIC was
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equivocal (i.e. AIC difference <10), preference was given to increased deviance explained. All
models were fit with R package “mgcv” (Wood 2015).
We estimated survivorship as the probability of a tree surviving damage. Survivorship
models were binomial with a logit link, where the linear predictor estimated the log odds at each
level of the covariates. We measured the relative odds of survivorship by comparing two
different taxonomic levels using the odds ratio, calculated as the exponentiated difference
between the respective coefficients. For example, we would interpret an odds ratios of x between
groups A and B as the odds that group A’s chance of survival are X times the odds that group B
survived. Relative odds between different units of a continuous variable are likewise
exponentiated difference between model predictions on the link scale when controlling for the
same level of all other variables.
We estimated mean regrowth following damage as the number of basal and lateral
resprouts with negative binomial models and log link. We used a negative binomial instead of a
Poisson error distribution because the data were overdispersed. Predicted resprouts and
associated errors were calculated directly from exponentiated model estimates. Differences in
counts by location among taxonomic groups were calculated as the exponentiated difference
between coefficients. Changes in regrowth between different units of a continuous variable are
likewise the exponentiated difference between model predictions on the link scale when
controlling for the same level of all other variables. We show the partial effects of significant
variables which are isolated by removing the effects of other predictor variables by holding them
constant.
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2.3. RESULTS
2.3.1. Survivorship
Overall, survivorship of cut trees was greater for Cecropia (92%) than Vismia (75%). The
probability that a tree survived damage decreased with increasing stem diameter and increased
with increasing cut height. As stem diameter increased, survivorship decreased to a minimum at
~3 cm, after which survivorship increased (Figure 2.1, A). For cut height, there was an initial
large and rapid increase in survivorship from 0-25 cm, after which survivorship was identical
(cut heights >25 cm; Figure 2.1, B). Independent of cut height and stem diameter, survivorship
for Cecropia was 7.6 times the odds of Vismia (Table A.1). Because there were no significant
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For Cecropia and Vismia species, the number of basal resprouts produced was, on
average, ~8x lower than the number of lateral resprouts following cutting (Fig. 2.2); 92% of
surviving individuals produced at least one lateral resprout, whereas only 20% produced at least
one basal resprout. Resprouting from basal and lateral tissues was differentially affected by stem
diameter and cut height (Fig. 2.3). Resprouting relationships from basal and lateral tissues were
similar across taxonomic groups (species or genus). Basal resprouting was affected by stem
diameter and main stem cut height. There was a strongly positive, linear increase in the number
of basal resprouts with stem diameter (Fig. 2.3, A). In contrast, basal resprout number decreased
with stem cut height (Fig. 2.3, B). Lateral resprout number, however, was not affected by stem
diameter and cut height in the same way as resprouting from basal tissues. There was no
significant effect of stem diameter on the number of resprouts produced (Fig. 2.3, C). The effect
of cut height on lateral resprouting was opposite that of basal resprouting; lateral resprout
number increased with cut height as lateral resprouting gradually increased with cut height but
leveled off for cuts above 50 cm (Fig. 2.3, D).
The data for resprouting and survivorship were so variable that only one a priori candidate
model worked for each. We therefore, did not use AIC to compare among models. Additionally,
patterns within the residuals indicated that control variables were missing from the model.
2.4. DISCUSSION
2.4.1. Survivorship
Contrary to our hypothesis, Cecropia were much more likely to survive cutting than
Vismia, which suggests that as juveniles Vismia are not superior resprouters. Intergeneric
differences in stem physiology may explain the differential survivorship between the genera; the
stems of Cecropia are hollow with low wood density (Reyes et al. 1992) and so are energetically
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inexpensive to produce (Reich 2014). Although short-lived, light-demanding trees like Cecropia
allocate more to rapid growth than storage (Wright et al. 2010), the cost of regenerating stems
after damage may be small enough to fund despite low reserve sizes. Additionally, the large leaf
size of Cecropia affords resprouting individuals high photosynthetic capacity with fewer
resprouts, and thus fewer resources are spent, relative to species with smaller leaves. Indeed,
studies have shown that resprout number decreases with increasing leaf size in tropical forest
bas
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and reserves to resprout after a disturbance (Vesk & Westoby 2004), which may outweigh the
benefits for larger trees. We also found that survival increased with cut height for all species in
our study. As tropical moist forest trees store the bulk of their carbohydrate reserves in the stem
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(Würth et al. 2005), it would hold to reason that as more stem is lost, stored reserves are also
lost, which reduces the probability of survival.
2.4.2. Resprouting
In general, we found that basal resprouting was uncommon for surviving trees and that
the number of basal resprouts decreased with cut height. Resprouts will typically form close to
the point of damage as nearby buds are released from inhibition (Cline 2000). As the distance
between the cut and the root collar increased, resprouting was less likely to originate from basal
tissues. The observed decrease in basal resprouting for higher cuts suggests that resprouting from
the root collar is not funded by stored reserves in the stem. If this were so, we would expect a
positive relationship between cut height and basal resprouting; as more stem survived, more
reserves would be available for basal resprouting. Smith et al. (2018), however, found that ~80%
of non-structural carbohydrates used by basal resprouts in eucalypts were funded by the roots,
not the stem. Given basal resprouting is a means for damaged trees to regenerate main stems
when most aboveground biomass is lost (Del Tredici 2001), reliance on stem reserves would be
highly disadvantageous because little or no stem remains after a severe disturbance and basal
resprouting would most benefit the plant.
In contrast to basal resprouting, lateral resprout production generally increased with cut
height at the lowest cut heights (0-25 cm) then leveled off at higher cuts. This initial increase in
lateral resprouting with stem cut height may represent a strategy to inhibit seed-based
regeneration or other resprouting individuals by reoccupying space in the vicinity of the main
stem without competing with sprouts on the main stem. Resprouts from the main stem may be
favored over lateral resprouts because they have access to remaining stem and root reserves and
can utilize the root system for water and nutrient uptake. At low cut heights, the production of
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many lateral resprouts may interfere with main stem sprouts, so few lateral resprouts are
produced. As cut height increases, however, resprouts likely originate farther from the ground
and are less likely to be shaded by lateral resprouts.
The number of basal resprouts increased with stem diameter whereas there was no
significant effect of stem diameter on lateral resprouting. We observed a decrease in survivorship
for larger trees, yet larger trees have the greatest potential for basal resprout production. Previous
studies also observed a positive relationship between pre-disturbance stem size and resprouting
(Hoffmann 1998, Simler et al. 2018). In comparison to smaller stems, larger stems have greater
surface area and should, therefore, have a greater number of buds as well as more stored reserves
compared to smaller stems. The number of basal buds, however, does not appear to limit
resprouting in fire-prone systems (Wildy & Pate 2002), so increasing basal resprout production
with stem size may reflect the size of the root system and associated reserves. If resprouts can
meet the respiratory demands of the root system, it appears that larger stems possess a higher
capacity to resprout from basal tissues. Lateral resprouting, however, was not influenced by stem
size. Resprouts originating from the main stem can utilize reserves stored in the entire root
system, whereas resprouts along a lateral root may only have access to reserves in the immediate
vicinity. Additionally, plants may be able to produce many lateral resprouts regardless of the size
of their stems because subterranean lateral resprouts are in direct contact with the soil and so can
form adventitious roots (Del Tredici 2001), which likely reduces their dependency on stored
reserves.
The variability of the data and that the residuals for the best fit model were not
homoscedastic across the value range suggests that control variables were missing in the model.
To improve model fit and explanatory power in future analyses, we should include counts of
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epicormic resprouts in addition to basal and lateral resprouts. Resprouting vigor could be
considered as the overall growth of a plant after damage which includes both the number of
resprouts produced and the height of those resprouts. It is possible that trees that produced fewer
resprouts were just as vigorous resprouters as those that produced more resprouts because they
allocated resources to fewer, taller resprouts rather than more, short resprouts.
2.4.3. Implications for anthropogenic fires
In the context of anthropogenic fires, basal resprouting represents a possible regeneration
mechanism following a severe fire that causes topkill. However, we found that, when cut, basal
resprouting was uncommon for Cecropia and Vismia species relative to lateral resprouting.
Because of low probability of basal resprouting after cutting, basal resprouting may not be a
viable pathway for post-fire recovery in these five species when burn severity is high.
Additionally, species that resprout after stem-cutting are much less likely to resprout after fire
(Vesk & Westoby 2004), so burning will only further reduce basal sprouting in Cecropia and
Vismia. Resprouting from belowground, lateral tissues is likely the most successful regeneration
mechanism after a severe anthropogenic fire in moist tropical forests. As tropical moist forest
trees generally lack fire adaptations, lateral resprouting may represent a means of survival
following a severe fire. Belowground tissues and buds are better protected from burns than
aboveground tissues (Hoffmann & Solbrig 2003, Pausas et al. 2018), because soil is an excellent
insulator from the intense heat and charring effect of fires (Auld & Bradstock 1996). Our results
suggest that post-fire success of Cecropia and Vismia depends on lateral resprouting ability and
future research should be directed toward survival and resprouting responses of these genera
after severe fire.
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2.4.3. Conclusion
As juveniles, Vismia are not superior resprouters to Cecropia when cut. Survival by
Cecropia was much greater than Vismia and may be caused by differences in life history
strategies and physiology whereas resprout production did not differ significantly between
genera. The results of our experiment suggest that young Cecropia trees are better able to
resprout after an anthropogenic cut. Clearcut forests in the central Amazon Basin tend to be
dominated by Cecropia after abandonment (Mesquita et al. 2001); however, to our knowledge,
no study has previously examined the demography of resprouting and seeding trees of Cecropia
and Vismia species after clearcutting. Resprouting juvenile Cecropia trees may represent a
significant proportion of the regenerating forest community in the months after clearcutting.
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CHAPTER 3.
COLONIZATION DYNAMICS FOLLOWING ANTHROPOGENIC FIRE IN
AMAZONIAN TROPICAL MOIST FOREST TREES
3.1. INTRODUCTION
Woody plants have two primary strategies to occupy land after a disturbance: recruit
from seed or survive and recolonize by resprouting. Changes in disturbance frequency, severity,
and type can influence the relative success of these strategies. Whereas seed-based regeneration
allows individuals that were absent before a disturbance to colonize the newly-disturbed site,
resprouting is a strategy of persistence where damaged plants re-establish by regenerating from
surviving tissues (Bond & Midgley 2001). Although resprouting represents an important
recovery strategy after disturbance (Everham & Brokaw 1996, Harms & Dalling 1997), the role
of resprouting individuals in tropical secondary forests is unclear (Guariguata & Ostertag 2001).
When disturbance severity or frequency is high, however, the abundance of resprouting
individuals is predicted to increase (Clarke et al. 2015). In fire-prone ecosystems, for example,
high fire frequency can eliminate seed-based regeneration which shifts the plant community to
one dominated by resprouters (Clarke & Dorji 2008, Nano & Clarke 2011). Altered disturbance
frequency and severity in tropical moist forests, therefore, may change the relative abundance of
resprouting trees compared to those germinating from seed and increase their role in the
secondary forest community.
Disturbances affect all terrestrial ecosystems and influence plants by primarily causing
damage to and loss of aboveground biomass. In tropical ecosystems, plant communities can be
impacted by disturbances that vary in severity and frequency, including tree or limb falls,
browsing by herbivores, hurricanes, landslides, and fires. An individual plant experiences
disturbance severity as the amount of aboveground biomass lost: the more severe the disturbance
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the more biomass is lost. Intense fires, for example, are severe because they typically kill nearly
all standing biomass to ground level and often damage tissues below the soil surface.
Most woody angiosperms can resprout following damage, but responses are speciesspecific to disturbance regime or individual plant characteristics. Post-disturbance resprouting is
thought to be an ancestral trait among most woody angiosperms (Pausas & Keeley 2014). This
trait is highly labile, however, and successful resprouting ultimately depends upon available
stored nutrients, non-structural carbohydrates, and meristems in surviving tissues (Lloret &
López-Soria 1993, Iwasa & Kubo 1997). Tropical moist forest trees tend to store the bulk of
carbohydrate reserves in their stems (Würth et al. 2005). Increasing disturbance severity (i.e.
greater loss of stem), therefore, should result in fewer reserves available for resprouting and
likely decreases the likelihood of survival and resprouting.
When disturbances are frequent, survival may depend on the amount of biomass that
survives, the intensity/degree of any prior resprouting response, and the time between
disturbances. Resprouting immediately after a disturbance, absent photosynthesis, depends
entirely on stored reserves. Bowen and Pate (1993) found that repeated removal of resprouts
reduced reserves to the point that resprouting ceased and the plant died. Resprouting ability also
tends to decrease for larger trees after a severe disturbance (Poorter et al. 2010, Wright et al.
2010). As trees grow larger, the probability of severe damage decreases (Hoffmann & Solbrig
2003). For example, large main stem diameter protects against stem-snap caused by falling
canopy debris (Clark & Clark 1991), browsing (Ickes et al. 2003), and low-intensity fire (Grady
& Hoffmann 2012). Because larger stems are less likely to be damaged, the benefit of
maintaining the ability to resprout is reduced.
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In the Amazon rainforest, mortality of aboveground plant biomass has been increasing
since at least 1980. Over the same 25-year period, from 1980 to 2015, mortality has outpaced
gains in productivity by approximately 2:1 (Brienen et al. 2015). Recent increases in mortality of
Amazonian trees may be influenced by factors associated with climate change, including
stronger winds, increasing temperatures, and more frequent and intense fires (McDowell et al.
2018).
An increasingly severe fire regime in the Amazon is particularly concerning because
tropical moist forest trees lack adaptations to fires and typically have high fire-associated
mortality. Amazonian trees typically have thin bark that does not insulate the vascular cambium
from heating. Naturally occurring intense fires in Amazonia are historically rare (Sanford et al.
1985, Murphy & Lugo 1986), so the benefit for species to maintain fire adaptions is low.
However, fires are predicted to become more frequent (Alencar et al. 2015), and intense
(Cochrane & Barber 2009) with future droughts becoming longer and more severe with climate
change (Lewis et al. 2011, Pascale et al. 2016). Increased fire intensity and shorter fire return
intervals, therefore, are likely to further increase tree mortality.
Interspecific responses to disturbance can influence the successional dynamics, species
composition, and structure of forests. Species-specific differential resprouting abilities may be
one such response, leading to shifts in species dominance that cause diverted or arrested
succession. In the central Amazon Basin, the most common cause of deforestation is cattle
ranching (Fearnside 2008). After deforestation of mature forest, cleared areas are burned, seeded
with exotic grasses, and converted to pasture. Subsequently, annual prescribed fires limit woody
recruitment and fertilize the soil until the land is inevitably abandoned due to waning
productivity 4-8 years after the initial forest to pasture transition (Uhl et al. 1988). Following
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abandonment, successional forests on pastures and agricultural lands that were previously burned
are dominated by members of the pioneer tree genus, Vismia (mainly V. cayennensis, V.
guianensis, and V. japurensis; (Mesquita et al. 2001, Jakovac et al. 2016)). Following
abandonment of unburned land, there is generally high forest diversity within 20 years; however,
Vismiacan dominate regrowth of burned land for at least 25 years (Longworth et al. 2014).
Vismia dominance is primarily attributed to superior post-fire survival and growth of resprouts
relative to other tree species (Uhl 1987b, Mesquita et al. 2001, Jakovac et al. 2016). However, no
study has compared post-fire survival and resprouting of Vismia species to other common
Neotropical tree species.
Our study is the first to examine mechanisms for post-fire dominance between Vismia
species and other common tree species in a tropical moist terra firme forest. We related post-fire
survival and number of resprouts to individual pre-fire plant morphologies and resprouting
following a previous clearcut. We expected high fire-related mortality generally, but that
survivorship would differ among species. In particular, since Vismia is often dominant on
abandoned pastures that were frequently burned, we tested the hypothesis that Vismia would
have more resprouts and lower mortality following fires than other trees of the same ecosystem.
3.2. METHODS
3.2.1. Site description
We conducted our experiment in 2015 at the Porto Alegre site within the Biological Dynamics of
Forest Fragments Project (BDFFP), ~80 km north of Manaus, Brazil (2°30’S, 60°W), in the
central Amazon Basin. The BDFFP was established in 1979 and covers ~1000 km2, remaining
the largest and longest-running experimental study of forest fragmentation (Debinski & Holt
2000, Bierregaard et al. 2001). The dominant vegetation is lowland moist terra firme forest.
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Three large ranches within BDFFP were clearcut in the 1980s to create 11 old-growth forest
fragments that were isolated from surrounding continuous forest (see Bierregaard Jr & Gascon
2001 for project details). Fragment isolation was maintained through intermittent clearcuts and
burns of secondary forest 100 m surrounding these fragments. In 2013, all secondary forest stems
were cut < 1 m above ground level but were not burned. Within one year of clearing, the
regenerating vegetation was a dense matrix of resprouting trees and seedling or sapling recruits
2-3 m tall.
3.2.2. Species selection
We measured individuals from eight species. We included species of the genera Vismia
and Cecropia, and common trees species that were present in all plots. Species included in the
experiment were Belucia dichotoma, Casearia arborea, Cecropia sciadophylla, Goupia glabra,
Miconia dispar, Palicourea guianensis, Vismia cayennensis, and Vismia japurensis. The
additional six tree species co-occur with Vismia and Cecropia species in regenerating forests
after both natural and anthropogenic disturbances but do not dominate successional tree
communities after a disturbance.
3.2.3. Experimental context
In July 2015, we established three 50m x 50m plots ~1.3 km apart. Canopy trees (referred
to as “trees” hereafter) were ~15 years old. Within-plot vegetation was dense, with numerous
resprouts from stems and roots of those trees cut in 2013 (see Fig. B.1 for experimental timeline
and photos). We identified individuals of the eight species and recorded their main stem diameter
(an indicator of size prior to clearcutting) and the height at which their main stem was cut. We
also measured additional variables associated with resprouting vigor: height of the resprouted
tree and the number of resprouts originating from the main stem, from the root collar, and along
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the stem. Given regrowth density within the plots, we did not count resprouts from lateral root
tissues, as we could not determine the tree of origin without excavating roots. In all, we sampled
542 trees among eight resprouting tree species (see Table B.1 for descriptive statistics of
variables measured by species).
We burned all plots similarly to burns typical before agricultural use or ranching. We first
re-clearcut all vegetation within these plots to ~50 cm above ground level, which we left to dry
for one month before burning. Plots were then burned in September 2015 with flanking and
backing fires away from the mature forest edge. We burned plots over two days at approximately
the same time of day to minimize differences in fire behavior caused by humidity, air
temperature, and precipitation. Burns consumed all slash, fine fuels (leaf litter), and most
medium-sized woody tissues (< 2.5 cm diameter). Larger woody tissues (> 2.5 cm) were burned
over most surfaces but not completely consumed. Because fuels were heterogeneously
distributed within and across plots, fire severity was similarly heterogeneous. Therefore, for the
rare instances that no charring was visible on a sample, we removed that individual from the
experiment as unburned.
Seven months after burning (April 2016), we assigned mortality and measured regrowth
characteristics of survivors. We denoted a tree as alive if it had resprouts with leaves, and dead
otherwise. If we could not locate a sample, we assumed that plant had been destroyed. For each
survivor, we recorded the number of resprouts and the maximum plant height (cm).
3.2.4. Statistical analyses
Plants either survived and resprouted or died as a consequence of burning; therefore, we
analyzed survivorship with a binomial model. Only species with surviving individuals were
included in the model. We selected candidate models a priori based on the biological relevance
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and interpretability of covariate combinations. These hypothesis-driven candidate models were
evaluated and compared rather than model selection where term combinations and interactions
are explored. We interpreted survivorship as the model estimated probabilities. Significant
differences among experimental effects on survivorship we interpreted as relative differences
between covariate levels using odds ratios (𝜃), which denoted that the odds of one level were 𝜃
times the odds of another for surviving (Agresti 2013). The model was a generalized additive
mixed model (GAMM) that estimated non-linear relationships between continuous covariates
and survival. Random components included plot as a block and imposed an autoregressive
correlation structure that removed prevalent residual autocorrelation. We specified species as a
factor in all models and selected additional covariates from among cut height, stem diameter,
number of pre-burn resprouts and pre-burn height. We further tested model covariate
combinations for interactions or main effects only (type-III sums of squares). All GAMM nonlinear smooth functions used P-splines (Marx & Eilers 1999). Where degrees of freedom of a
smooth function was near 1, we replaced the smooth function with a parametric linear term. We
modeled multiplicative interactions of continuous variables using tensor product terms with
adaptive P-splines because there were regions of zero data in most interactions.
For those plants that survived burning, we analyzed resprout production with a negative
binomial generalized additive mixed model (GAMM) with log link function. Exponentiated
model expected values were the predicted counts of the linear combination. Significant
differences among experimental effects on resprout number were interpreted as relative
differences between covariate levels. We specified species as a factor in all models and selected
additional covariates from among cut height, stem diameter, number of pre-burn resprouts and
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pre-burn height. We further tested model covariate combinations for interactions or main effects
only (type-III sums of squares).
For both survivorship and resprouting models, candidate models were considered if all
terms were significant, residual scatterplots were random, and residual histograms indicated
normality. The best model minimized Akaike Information Criterion (AIC; Akaike 1973) among
candidate models. Models were fit with the package mgcv in R version 3.4.2 (R Core Team
2013, Wood 2015).
3.3. RESULTS
Only four species survived the fire and are included in results: V. cayennensis, V.
japurensis, C. arborea, and G. glabra. The binomial GAMM estimated survivorship with
interactions that included species differences. However, to estimate number of resprouts, we
pooled all species for the negative binomial GAMM because the number of survivors was highly
variable among species, and very low for C. arborea in particular. The data were more variable
than we expected which narrowed the candidate models to those where residual plots did not
show patterns. Model selection using AIC was not necessary as only one a priori model for each
survivorship and resprout number hypotheses adequately explained the data.
3.3.1. Survivorship
Survivorship combined estimates from two important and non-overlapping components:
Species*Cut height linear interaction (Table B.2; F3,143=21.5; P<0.001); and Pre-fire
sprouts⨂Pre-fire height nonlinear tensor product smooth function (Table B.2; F2,143=152.9;
P<0.001). Controlling for cut height, the relative odds of survivorship were highest for C.
arborea and G. glabra, which did not differ from one another. Survivorship probability
decreased non-linearly with increasing cut height for C. arborea; falling sharply from a
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maximum of 0.99 to 0.0 for cuts greater than 40-cm (Fig. 3.1, A). Survival probability also
decreased non-linearly with cut height for G. glabra, albeit more gradually; dropping from 0.96
for cuts at ground level (0-cm) to 0.03 at 100-cm (Fig. 3.2, A). Survival probability for Vismia
japurensis, by contrast, increased linearly with cut height from 0.25 to 0.58. There was no effect
of cut height on the survival of V. cayennensis.
Survivorship by cut height for each species
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Figure 3.1. Effect of (A) main stem cut height on post-burn survival probability by species and
(B) interaction effect of pre-fire plant height and number of pre-fire resprouts on survival
probability. Shaded regions of the contour depict where data were present whereas unshaded
regions are extrapolated predictions.
Predicted survival increased with variables associated with resprouting vigor following
clearcutting. Trees that were most likely to survive burning were those that grew tall and also
produced many resprouts after being cut. Shorter trees or those that produced few resprouts after
being cut were unlikely to survive subsequent burning (Fig. 3.1, B).
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3.3.2. Resprout production
The number of resprouts was determined by the tensor product smooth function Pre-fire
height⨂DBH (Table B.3; F3,143=21.5; P<0.001). Plants that grew taller after clearcutting
produced more resprouts after burning; regenerating trees that grew to 1.5 m before the
prescribed fires were predicted to produce ~10 resprouts after burning. The number of resprouts
produced after burning also decreased slightly with stem diameter. We accounted for spatial
autocorrelation with plot-level random slopes of pre-fire mean proximity to other measured
individuals within 5 m (i.e., < 2*mean pre-fire plant height). While not a significant fixed effect,
random slopes were positive, suggesting that, despite variable response to proximity among
plots, the number of resprouts did increase with increasing isolation from other individuals.
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Figure 3.2. Effect of pre-fire plant height and main stem diameter on number of resprouts
produced after burning. Shaded regions of the contour depict where data were present whereas
unshaded regions are extrapolated predictions.
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3.4. DISCUSSION
We examined survivorship and resprouting of eight common tree species in tropical
moist terra firme forest after an experimental fire. We predicted that Vismia cayennensis and
Vismia japurensis, species known to dominate land that was frequently burned prior to
abandonment, would better survive a severe burn than other species. Previous successional
studies in the central Amazon Basin have hypothesized that Vismia species dominate because
they are superior resprouters after anthropogenic fires relative to other tree species (e.g., Uhl
1987b, Mesquita et al. 2001, Jakovac et al. 2016). However, we found evidence that other
species can also resprout after burning; therefore, the success of Vismia on degraded land in
Amazonia cannot be attributed solely to superior post-fire resprouting ability.
3.4.1. Survivorship
The height at which a tree was cut two years prior to burning differentially affected postfire survivorship of species; C. arborea and G. glabra survivorship decreased with cut height
whereas Vismia species increased or did not change. Epicormic resprouting (i.e. resprouting
along the main stem) after damage is likely common in tropical moist forest trees when part of
the stem survives because it provides an initial height advantage over seed-based regeneration
and resprouts that originate from ground level (Kauffman 1991). Tropical moist forest trees also
maintain greater carbohydrate pools in their stems than roots (Würth et al. 2005) so a tree cut
higher along the stem conserves more of this storage organ and retains more reserves. After the
damaged plant resprouts and reestablishes photosynthetic activity, it may preferentially store
carbohydrates in the remaining stem rather than in roots to support epicormic resprouting
following a subsequent disturbance. Trees cut closer to the ground, however, may be more likely
to store reserves belowground simply because little or no stem remains. Consequently, plants
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that survive the loss of most of their stem may be more likely to survive subsequent severe
disturbances because they must store reserves belowground where they are largely protected
from disturbance.
A shift in storage of reserves from the stem to roots may explain why survival was
highest for C. arborea and G. glabra previously cut close to ground level. Post-fire survivorship
of V. cayennensis and V. japurensis did not change or increased with prior cut height,
respectively, and was low when cut close to the ground. Vismia have large, well-developed root
systems relative to other Amazonian pioneer trees (Pavlis & Jeník 2000) and may favor storing
carbohydrate reserves belowground regardless of previous disturbance severity. Slash-and-burn
agriculture and ranching in the Amazon comprise multiple severe disturbances where plants lose
aboveground biomass. Future research should be directed toward understanding the influence of
disturbance severity and return interval on the storage of non-structural carbon reserves in stems
versus roots. Interspecific differences in how trees utilize and store reserves after a disturbance
event may explain the success or elimination of species after anthropogenic land use.
The combined effect of increasing pre-fire plant height and having many resprouts before
burning also increased post-fire survival probability. Tropical moist forest trees are likely not
adapted to a disturbance regime with short return intervals between severe disturbances, and,
when damaged, should utilize all available reserves to resprout. However, these results imply
that the resprouting response of a tree after disturbance may be a strong predictor of its
resprouting vigor in subsequent disturbances. Plants that regenerated more aboveground biomass
(i.e. resprouts and vertical growth) should also regenerate more strongly than those plants that
produced less. Resprouting after a disturbance depends on the availability of stored nutrients and
non-structural carbohydrates in surviving tissues (Lloret & López-Soria 1993, Iwasa & Kubo
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1997). Individuals that produced many resprouts in response to the clearcut prior to burning,
therefore, may have been able to quickly replenish belowground reserves in order to produce
many resprouts after burning.
3.4.2. Resprout production
The negative effect of stem diameter on resprout production after a severe fire provides
additional evidence that, after the loss of most or all aboveground biomass, resprouting
diminishes with size in tropical trees (Poorter et al. 2010, Wright et al. 2010). Since there is a
trade-off between growth and the storage of reserves – necessary to resprout after a severe
disturbance (Wright et al. 2010, Reich 2014) – resprouting ability is greatly reduced in favor of
growth when the probability of incurring damage is low (Hoffmann & Solbrig 2003).
3.4.3. Post-fire seeding
Seven months after burning, we conducted a post-hoc survey of seedlings that had
germinated alongside resprouting individuals. Recruitment by seeding is a means for individuals
to colonize newly disturbed areas; seeds can either survive in place or disperse into an area
following disturbance. We examined seeding in burned plots because, in addition to resprouting,
interspecific differences in seed survival and dispersal can influence species composition and
successional dynamics of post-fire regenerating forests. Six species colonized recently-burned
plots by seeding, including Vismia cayennensis and Vismia japurensis (Fig. 3.3). Of those
seeding species, V. cayennensis and V. japurensis were the only species that also survived
burning and resprouted whereas three of the seeding species (C. sciadophylla, P. guianensis, B.
grossulariodes) suffered 100% mortality in our burned plots. We also observed two additional
species that colonized from seed not present in experimental plots prior to burning, Cecropia
purpurascens and Trema micrantha. Although the relative abundance of seedlings of V.
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cayennensis and V. japurensis was low compared to other species in our experiment (Fig. B.2),
most other species recruiting by seed into recently-burned areas appear to be sensitive to fire.
Wieland et al. (2011) found that bird and bat-dispersed seeds on abandoned agricultural lands
were primarily of the genera Cecropia, Miconia, and Vismia. In our study, we found that burning
killed members of Cecropia and Miconia; thus, Vismia species might be the only genus able to
successfully colonize active pastures and agricultural land. Successful establishment by Vismia
prior to abandonment may represent an inhibitory priority effect (e.g. Connell & Slatyer 1977) as
other tree species are excluded by burning. Thus, the decades-long dominance of Vismia species
and lack of replacement by other forest species occurs because Vismia populations establish first
and inhibit other tree species from establishing after anthropogenic burning ceases.
We suggest that the success of Vismia species after multiple severe disturbances is the
combined result of resprouting and of post-fire seeding. Of the species we studied, only V.
cayennensis and V. japurensis recolonized by both resprouting and seeding after fires, although
survival was low and seedling abundance was low. A typical active pasture in the central
Amazon is burned annually prior to abandonment, usually 5-8 years after the initial clearcut. A
damaged tree must have sufficient resources to continually resprout and maintain sufficient
reserves to avoid mortality after multiple severe disturbances. Therefore, regular seed output
from resprouting species is also necessary to maintain populations. Future work should be
directed toward the dual role of resprouting and seedling recruitment in actively managed
pastures and agricultural land to determine how these different colonization strategies influence
community composition and structure after severe anthropogenic disturbance and subsequent
abandonment.
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Hypothesized post-fire resprouting ability

Superior resprouters

Poor resprouters

Cecropia purpurascens
Cecropia sciadophyla
Trema micrantha
Palicourea guianensis

Vismia cayennensis
Vismia japurensis

Early
seeders

Casearia arborea
Goupia glabra

Resprouters
OBSERVED POST-FIRE COLONIZATION MECHANISM

Figure 3.3. Hypothesized colonization strategies of tree species following prescribed burning.
Colonization strategy indicates if seedlings, resprouting individuals, or both were observed 7
months post-fire. We hypothesize that the observed mechanisms of colonization after fires
reflects species’ ability to survive and resprout after fire. C. purpurascens and T. micrantha are
included for completeness, but as they were not present pre-fire, no statement can be made
about their survivorship and resprouting following fires.
3.4.4. Conclusion
Tropical moist forest tree species exhibited differential survivorship and seeding patterns
after severe anthropogenic fires. Fire and logging represent the most common sources of forest
degradation in the Amazon in recent years (Cochrane & Barber 2009, Trumbore et al. 2015,
Barlow et al. 2016). The prevalence of severe fires in undisturbed forest is also expected to
increase as the dry season becomes longer, which is linked to climate change (Fu et al. 2013),
and increased deforestation will only exacerbate this condition by further reducing precipitation
(Spracklen & Garcia‐Carreras 2015). The increasing incidence of severe fires in the Amazon and
the continued conversion of forest to pasture and agricultural land ensure that Vismia will
predictably dominate the structure and composition of abandoned forests. As more land becomes
vulnerable to intense fires and multiple severe disturbances, Vismia is expected to play an
important role in degraded Amazonian forests, and the dynamics of succession after single and
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multiple severe disturbances will become increasingly important to understand. Although Vismia
species are known to dominate abandoned land in the central Amazon following intense
anthropogenic use, its dominance cannot be fully explained by superior resprouting ability after
fire. Rather, the combined ability of Vismia species to resprout and to germinate seed after a
severe burn may serve to more fully explain this predictable pattern.
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CHAPTER 4.
ANTHROPOGENIC FIRES ALTER THE FREQUENCY OF MULTI-STEMMED
TREES IN AN AMAZONIAN MOIST TROPICAL FOREST
4.1. INTRODUCTION
Plants recolonize after a disturbance via seed-based recruitment or by resprouting. Plants
that germinate from seeds are new colonizers, while resprouting individuals are present prior to
and can persist after a disturbance. Many species resprout in response to loss or damage to
aboveground tissues, although some species are capable of resprouting without being damaged
(Sakai et al. 1995). Resprouting may be an ancestral trait for woody angiosperms (Murphy and
Lugo, 1986; Sanford et al., 1985).
The multi-stem architecture of resprouting trees promotes long-term persistence of the
plant (Bond & Midgley 2001, Del Tredici 2001). Increasing disturbance severity and frequency
can shift the predominant architecture of the canopy trees from being single-stemmed to one
where trees with multiple stems dominate the regenerating forest community. Resprouting
individuals may become more common as disturbance frequency increases and site productivity
decreases (Bellingham & Sparrow 2000). This causes the proportion of multi-stemmed
individuals in a community to increase with disturbance frequency until reaching a threshold
where the inter-disturbance time becomes too short for resprouting individuals to replenish
reserves needed to resprout and the community becomes dominated by short-lived ruderal
species (Bellingham and Sparrow 2000).
Multi-stemmed trees are typically shorter than those that are single-stemmed (Midgley
1996, Kruger et al. 1997). In ecosystems where light is limiting such as a closed-canopy forest, a
multi-stemmed architecture would be disadvantageous as successful recruitment to the forest
canopy requires rapid vertical growth to compete. Resources allocated toward aboveground
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growth are divided among stems, which results in a shorter tree. However, as disturbances
become more severe or frequent, more aboveground biomass is lost across the community as
light becomes less limiting and multi-stemmed trees can persist without being overtopped by
taller, single-stemmed trees (Midgley 1996). Net primary productivity tends to decline as
disturbances become more severe or frequent, which also favors multi-stemmed individuals
(Bellingham & Sparrow 2000, Clarke et al. 2013).
Humans have introduced novel disturbance regimes to Amazonian forests that comprise
more severe and frequent disturbance events relative to natural conditions. In recent years,
anthropogenic disturbances have been primarily logging and conversion to pasture, although
rubber plantations and manioc fields are also present. In the wet tropics, the number of slashand-burn cycles that take place on a given area influences rates of growth and carbon
accumulation of regenerating forests on abandoned cattle pastures (Zarin et al. 2005). On
agricultural lands, the proportion of resprouts increased, whereas basal area and canopy height of
the regenerating forest community decreased with increasing land use intensity on abandoned
agricultural lands (Jakovac et al. 2015). In the central Amazon Basin, areas that were burned
multiple times became dominated by three species of the genus Vismia, which comprises longerlived, light demanding tree species (Mesquita et al. 2001).
Although the mechanisms by which Vismia comes to dominate abandoned pastures and
agricultural lands that were burned are unclear, there is evidence that V. cayennensis, V.
guianensis, and V. japurensis are capable of post-fire resprouting and seeding (Chapter 3).
Vismia also appear to colonize burned areas by seed within four months following severe
anthropogenic fire (Chapter 3). Although other species colonize recently burned land via seed or
resprouting, Vismia may be unique in that it can colonize by both resprouting and seeding
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(Chapter 3). By both colonizing by seed and persisting through resprouting, Vismia may exhibit a
strong priority effect that allows it to dominate the regenerating forest community for decades
after abandonment.
There is now strong evidence that a trade-off exists between resource allocation for
resprouting and for seeding after a disturbance (see: Clarke et al., 2013). In fire-prone
ecosystems, for example, species that are weak resprouters produce more seeds than those that
are strong resprouters (Lamont 1985, Bond & Midgley 2001). The combined post-burn seeding
and resprouting by Vismia species may represent a novel resource allocation strategy among
Amazonian trees.
Species-specific data on the dynamics of tropical trees during the annual burn regimes of
pastures and agricultural land is lacking (but see: Brando et al. 2012). We can, however, use long
term community data of successional forests following anthropogenic use to ask whether
increasing fire frequency prior to abandonment influences the demography of multi- and singlestemmed trees in the regenerating forest community. Although it is difficult to assess whether a
tree is a resprout or germinated from seed without excavating its root system, we can easily
distinguish between trees with multiple stems (or that were previously multi-stemmed) from
those trees with a single stem. Differences in the relative proportions of multi- and singlestemmed trees in the regenerating tree community provide a window into strategies of
reestablishment following an anthropogenic burn. We used 16 years of annually-collected
chronosequence data within regenerating tropical moist forests on land abandoned by humans
which spans 34 years of forest regeneration since abandonment to examine how the frequency of
severe anthropogenic fires affect the demography of multi- and single-stemmed trees. We
hypothesized that fire frequency would differentially affect tree species common to regenerating
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forests on abandoned land. Specifically, we expected that the probability of being multi-stemmed
would increase for species that either dominate the tree community on land burned multiple
times (i.e. Vismia spp) or that are known to resprout after burning but do not become dominant
(i.e. Casearia arborea, Goupia glabra, Chapter 3) whereas fire frequency would have no effect
on the multi-stem probability for species that are sensitive to fire (i.e. Cecropia sciadophylla,
Cecropia purpurascens). The probability of being multi-stemmed would be lowest for these fire
sensitive species across the fire frequency spectrum because they are unlikely to resprout after
burning and any members of these species present on previously burned abandoned land likely
colonized via seed.
4.2. METHODS
4.2.1. Experimental context
This study took place within the reserves of the Biological Dynamics of Forest Fragments
Project (BDFFP). Established in 1979 by Dr. Thomas Lovejoy to study the effects of large scale
forest fragmentation, the BDFFP comprises three large farms (Dimona, Esteio, Porto Alegre).
Within each farm, swaths of mature forest were cleared to extract timber and convert the land to
pasture, rubber plantation, or manioc field. Eleven reserves of intact old-growth forest were
preserved within these clearcut areas and isolated from the nearby forest. Clearcut land was
either abandoned after cutting or ranchers would burn the slash and use the newly-cleared land to
raise livestock or crops. Across the 1000 km2 project area, previous land use varied by type
(clearcut, pasture, mantioc, rubber) and also by the number of prescribed fires that occurred prior
to abandonment. Soils in the project area are highly-weathered and nutrient poor and although
slash-and-burn practices introduce carbon and other nutrients to the soil, productivity on
deforested land declines rapidly. In the central Amazon basin, pastures are typically abandoned
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5-8 years after establishment as a result of encroachment by unpalatable, weedy vegetation and
reductions in pasture grasses. Cleared land within the BDFFP experienced between zero and nine
annual prescribed burns where burning reduced woody encroachment and reinvigorated pasture
grasses. Pastures and agricultural lands are typically abandoned gradually due to a combination
of herd reductions, loss of productivity, and accessibility by livestock and farmers. This variable
land use history leaves behind a matrix of low-growing trees, remnant pasture and weedy shrubs,
therefore, the regenerating forests within which our transects were established differ in the time
since they were abandoned.
When abandoned, land that experienced only a single fire or none whatsoever became
dominated primarily by two species of the tree genus, Cecropia: C. purpurascens and C.
sciadophylla. Cecropia is a neotropical tree genus containing light demanding pioneer species
that typically colonize after disturbances and are capable of rapid growth and reach reproductive
maturity quickly relative to other local tree species. Although Cecropia comprise 70-100% of the
basal area and 50-60% of total stems within regenerating clearcut forest in the first ten years after
abandonment (Longworth et al. 2014), their dominance wanes gradually in the following years
as colonizing trees are overtopped and replaced by slower-growing, more shade tolerant tree
species.
Land that was converted to pasture or agriculture, by contrast, became dominated by
three species within the genus, Vismia: V. cayennensis, V. guianensis, and V. japurensis. In the
first five years after abandonment, Vismia comprised nearly 100% of both stand basal area and
stems > 2 cm diameter (Longworth et al. 2014). Unlike Cecropia-dominated former clearcut
land, regenerating forest on abandoned pastures remain dominated by Vismia species for decades
after abandonment (Mesquita et al. 2001). Although the proportion of Vismia trees that comprise
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the tree community gradually diminishes, there is little recruitment by slower-growing, shade
tolerant species. At least 25 years after pastures are abandoned by livestock and humans, the tree
community remains species-poor and consists mainly of light-demanding early successional
species such as Vismia, Bellucia, Isertia, Miconia, and Croton.
In 1999, we began a study within the BDFFP to explore the relationship between
previous land use history and the successional trajectories of the forest tree community after
abandonment. Between the years of 1999 and 2003 we established 22 belt transects within
secondary forests on previously abandoned land. Transect dimensions varied in order to
accommodate stand structure and topography. Most transects (18) were 100 m long, however,
some were 50 m (3) and 75 m (1) and transect widths ranged from 1 m to 6 m. In 2008, transects
were resized so that all were 500 m2. Burn history was variable on abandoned lands upon which
transects were established, ranging from 0 to 9 fires prior to abandonment. The year in which
land was abandoned was also variable. As a result of variable abandonment time and the year in
which a transect was established (1999-2003), secondary forests were aged between 2 and 19
years old at time of first sampling. We defined the burn class of a given transect as the number of
anthropogenic fires conducted on the land before abandonment. Additional information about
transects and data collection can be found in Longworth et al. 2014.
Annually from 1999 to 2016, we measured the diameter at breast height (DBH) of all
trees within every belt transect >2 cm dbh and identified them to species. We designated a tree as
multi-stemmed if multiple main stems originated from the ground within 10 cm of each other. It
is not possible to determine whether trees resprouted following an anthropogenic disturbance or
if the tree was damaged afterward and resprouted after abandonment, however, it is likely that
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multi-stemmed individuals present in our study are the result of prior damage. We measured the
diameter of each stem present for multi-stemmed individuals.
4.2.2. Analyses
We included species that were present as both single- and multi-stemmed individuals in
both unburned transects and burned transects. Species must have been represented by > 2
individuals on land having experienced the same number of burns (burn classes). We limited the
analysis to species present within four burn classes. Burn classes analyzed were limited to 0-5
pre-abandonment fires. In all, 18 tree species were included in analysis (See Table 4.1).

Table 4.1. Taxonomic information of species included in analysis.
Family
Annonaceae

Boraginaceae
Goupiaceae
Hypericaceae

Melastomataceae

Rubiaceae
Salicaceae
Urticaceae

Genus
Guatteria
Guatteria
Guatteria
Bocageopsis
Cordia
Goupia
Vismia
Vismia
Vismia
Miconia
Bellucia
Miconia
Miconia
Isertia
Laetia
Casearia
Cecropia
Cecropia
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Species
olivacea
foliosa
scytophylla
multiflora
sagotii
glabra
cayennensis
guianensis
japurensis
burchellii
imperialis
phanerostila
tomentosa
hypoleuca
procera
arborea
purpurascens
sciadophylla

Over time, multi-stemmed trees may self-prune and reduce the number of live stems
(Wendel 1975, Del Tredici 2001). Therefore, it is possible that a previously multi-stemmed
individual reduced to a single stem. For our analyses, individuals must have had >2 stems during
at least one annual survey.
Since trees were either multi- or single-stemmed, we analyzed multi-stem status with a
binomial model. We interpreted the probability of being multi-stemmed as the model estimated
probabilities. We interpreted significant differences among experimental effects on multi-stem
status as relative differences between covariate levels using odds ratios (𝜃), which denoted that
the odds of one level were 𝜃 times the odds of another for being multi-stemmed (Agresti 2013).
The model was a generalized linear mixed model (GLMM) that estimated linear relationships
between the continuous covariate, number of fires, and multi-stem probability. We included
transect as a random effect. We specified species as a factor in all models and selected number of
fires. We further tested model covariate combinations for interactions or main effects only (typeIII sums of squares). Given the variability of responses across the data, we specified the alpha
level of significance for model terms to 0.1 a priori.
4.3. RESULTS
We found that the number of fires that took place prior to abandonment affected the odds
that an individual tree would be multi-stemmed and that the effect differed among species. On
unburned land, the probability of being multi-stemmed was very low across species. Independent
of fire frequency, the odds an individual would be multi-stemmed was low for all species, except
Isertia hypoleuca, which was 30% more likely to be multi-stemmed than single-stemmed.
Goupia glabra, by contrast, was 40% less likely to be multi-stemmed than single-stemmed.
Those species least likely to be multi-stemmed, however, were Laetia procera and Cecropia
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sciadophylla which were ~45 and 27 times as likely to be single-temmed than have multiple
stems, respectively. All other species did not differ from Bellucia imperialis which was ~8 times
as likely to have a single stem.
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Figure 4.1. Effect of number of pre-abandonment fires on the probability of being multistemmed for species. The seven species presented were those that significantly changed across
number of burns. The three Vismia species are represented by grey dashed lines. The red
dashed line represents even probability of being multi or single-stemmed.
Power
Power(Goupia
(Goupiaglabra)
glabra)

Pre-abandonment fire frequency did not affect multi-stem odds the same across species,
rather, there was a significant interaction between fire frequency and seven of seventeen species
included in the analysis (Table C.2). For six of those tree species, the odds of being multistemmed increased with each additional fire: L. procera (+0.71, P=0.007), V. guianensis (+0.59,
P=0.010), G. glabra (+0.56, P=0.01), G. olivacea (+0.43, P=0.089), V. japurensis (+0.41,
P=0.012), and V. cayennensis (+0.31, P=0.059). The odds of being multi-stemmed decreased for
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only one species, G. foliosa (-1.30, P=0.046), with increasing fire frequency where individuals
were 39% less likely to be multi-stemmed on land that was burned five times relative to those
growing on unburned land.
At the highest fire frequency (five fires before abandonment), G. glabra was 90% as
likely to be multi-stemmed as single-stemmed. Although the odds of being multi-stemmed
increased with number of fires, all other species were still more likely to be single-stemmed on
land that was previously burned five times. Although the odds of being multi-stemmed increased
with burn frequency for Vismia species, they were still between two and five times as likely to be
single-stemmed than multi-stemmed on land that was burned five times.
4.4. DISCUSSION
We found that increasing fire frequency prior to abandonment after anthropogenic land
use increases the abundance of multi-stemmed individuals for some tree species of tropical
secondary forests. Of the eighteen species studied, the odds of being multi-stemmed increased
for five species and decreased for one. Twelve species were not affected by increasing fire
frequency. Increases in the proportion of multi-stemmed relative to single-stemmed trees
suggests that, following anthropogenic burns, species are both colonizing via seed and
resprouting. The increase in multi-stemmed individuals may be the result of thinning of singlestemmed trees as fires and repeated disturbances decrease productivity (Pausas & Bradstock
2007) and eliminate seeds present in the soil (Clarke & Dorji 2008, Nano & Clarke 2011) thus
further reducing seed-based recruitment with each successive fire.
The odds of being multi-stemmed increased for all three members of the genus Vismia
that dominate the successional forest community decades after abandonment. Previous studies of
successional dynamics on degraded land have hypothesized that dominance by Vismia is because
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they are capable of post-fire resprouting whereas other forest tree species are not (Uhl 1987b,
Mesquita et al. 2001, Longworth et al. 2014, Jakovac et al. 2016), possibly because of greater
allocation to belowground resources. In Chapter 3, we observed that while the Vismia species do
resprout after burning, they are not unique in this ability. In fact, non-dominant species like G.
glabra and C. arborea seem to be better resprouters after burning than Vismia species, with
greater post-fire survivorship and resprouting vigor (Chapter 3). Although the odds of being
multi-stemmed increased with burn frequency for Vismia species, they were still 2-5 times as
likely to be single-stemmed than multi-stemmed after multiple burns which implies that seedbased germination remains the main source of Vismia trees after burns.
We found that G. glabra was much more likely than any other species studied to be
multi-stemmed after multiple burn events. This suggests that G.glabra can resprout after severe
anthropogenic burns better than other tree species, even Vismia species. The ability to resprout
after a severe fire allows the population to persist especially when dispersal is reduced and
germination from the soil seed bank is eliminated. The demographic shift also suggests that seedbased germination is reduced for G. glabra with increasing fire frequency. We do not know
whether seeds of this species are dispersing into these degraded landscapes, however, if seed
input is reduced or eliminated at high burn frequencies, we expect that G. glabra will either be
extirpated from active pastures and agricultural fields or present only in low abundances.
For one species, Guatteria foliosa, the odds of having multiple stems decreased with fire
frequency. G. foliosa is an early successional pioneer species common to secondary forests in the
central Amazon Basin. This species suffered low mortality following an accidental low intensity
fire in the Brazilian State of Mato Grosso (Ivanauskas et al. 2003), however, it seems unlikely
that a large proportion of individuals would survive and resprout following a severe burn.
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Additionally, this species produces aggregate fruits containing many seeds. In the absence of
dispersers, many G. foliosa seeds may germinate in close proximity to one another, forming what
may look like a multi-stemmed tree but is actually multiple individuals. In this case, it seems
likely that individual trees growing closely together were misclassified as a single multistemmed individual. Given that G. foliosa is an early colonizer after disturbances and that other
early colonizing species such as Cecropia sciadophylla are killed when burned (Chapter 3), we
expect that the negative effect of fire frequency on G. foliosa being multi-stemmed is simply
many closely-situated trees being eliminated with increasing fire frequency.
Fire frequency did not change the odds of being multi-stemmed for twelve of the species
analyzed. Although multi-stemmed individuals of these species are present in regenerating
forests along the fire frequency gradient, their contribution to the population relative to singlestemmed trees does not change. This result implies that persistence by these species is achieved
largely through post-fire seeding. While few individuals may survive a burn and resprout,
populations are being restocked by more seed-based recruits relative to resprouts. Species that
can disperse into degraded lands should be the only species capable of persisting solely through
seeding, however. The twelve species in this group likely disperse into recently burned areas
where the forest structure and abiotic conditions differ markedly from intact mature forest and
secondary forest on unburned land. Little is known about seed dispersal and germination on
active pastures and agricultural land but on abandoned pastures, however, Wieland et al. (2011)
found that seeds found in seed traps within land that was previously burned multiple times were
comprised mainly of early successional genera that were already present within the forest such as
Vismia and Miconia.
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Differences in allocation strategies among species in moist tropical forests should be
further explored. There is empirical evidence that more shade-tolerant species are better
resprouters than shade-demanding species (Poorter et al. 2010, Wright et al. 2010). Indeed, we
found that more shade-tolerant genera like Vismia, Goupia, and Laetia are more likely to be
multi-stemmed after burning than light demanding pioneers like Bellucia, Cecropia, Isertia, and
Miconia. Because a trade-off exists between allocation to growth and storage (Gilbert et al.
2006), we expect that species that resprout after burning allocate more resources toward storage
than rapid growth. In more fire-prone ecosystems, such as the Brazilian Cerrado, trees allocate
more resources to belowground storage than above (Hoffmann 1998). As severe fire typically
kills the majority of biomass aboveground, we also hypothesize that post-fire resprouters in
tropical moist forests direct more resources to belowground storage rather where reserves are
largely protected from fire. As most natural disturbance events in Amazonian moist forests do
not result in the total loss of aboveground biomass, belowground storage of reserves is likely
disadvantageous under a typical local disturbance regime. However, novel disturbance regimes
that are more severe and frequent likely favor species with adequate belowground carbohydrate
reserves.
Future research should focus on the dynamics of resprouting and seeding individuals in
tropical moist forest tree communities during anthropogenic land use. By observing speciesspecific strategies for colonization in the months after a fire, we can better understand how
relative differences in post-fire seeding and resprouting in this non-fire adapted ecosystem
influence community composition and the structure of regenerating forest after abandonment.
This study provides evidence that the success of Vismia species on land which was
burned multiple times results from both post-burn resprouting and seeding. We also found that
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G. glabra appears to be a strong post-fire resprouter but likely does not come to dominate
regenerating forests on abandoned land because of poor post-fire seeding. In chapter 3, we found
no evidence of G. glabra present as seedlings four months after a severe fire whereas Vismia
species were abundant as both resprouts and seedlings. Bellingham and Sparrow (2000) predict
that increasing frequency of severe disturbances will cause the demography of the plant
community to shift to one comprised primarily of seed-based regeneration to one dominated by
resprouters and this study lends empirical evidence of this occurring in moist tropical forests
following a severe anthropogenic disturbance regime.
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CHAPTER 5.
CONCLUSIONS
In my dissertation, I examined how tropical moist forest trees in the central Amazon
Basin respond to anthropogenic disturbances and how prior land use influences the prevalence of
multi-stemmed trees in the regenerating forest after abandonment. Previous studies have
suggested that Vismia becomes dominant on land that was previously burned multiple times
because they exhibit superior post-fire resprouting whereas most tropical moist forest tree
species are eliminated by successive annual fires. I used a combination of field experiments and
a long-term survey to ask how disturbance type, severity, and frequency within the novel
anthropogenic disturbance regimes of logging, ranching, and farming influence the dynamics of
resprouting by Vismia and other trees that comprise the regenerating forest community.
Whether mechanical or by burning, complete loss of aboveground biomass is rare for
forest trees in the central Amazon Basin. Tree species, therefore may lack adaptations and
strategies to persist after a severe disturbance and be killed. Interspecific differences in post-fire
resprouting play a role in shaping the structure and composition of the regenerating forest
community. We know that forests growing on previously burned land are species-poor and have
low rates of species accumulation over time relative to land that was clearcut but not burned.
Contrary to previous hypotheses, this dissertation provides empirical support that, while Vismia
species are among the few species we studied that resprout after burning, they are not superior
post-fire resprouters nor are they better able to survive cutting or burning than other resprouting
species. The success of Vismia may instead be better attributed to these species’ novel ability to
both resprout and seed after a severe disturbance.
In Chapter two, I asked whether members of the tree genera Cecropia and Vismia differ
in their survival and resprouting vigor following stem removal. We found that, as juveniles,
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Vismia species were less likely than Cecropia species to survive and resprout following stemclipping but that Vismia were more likely to resprout from root tissues. Resprouting from
belowground tissues is beneficial in fire-prone ecosystems because reserves and buds are largely
protected from heat and charring. Some trees, including Vismia, may be better able to survive
burning because they are more likely to resprout from belowground tissues following severe
damage than other species.
In Chapter three, I examined resprouting and survival of a suite of common trees species
after an anthropogenic fire. The experimental burn was conducted on forest regenerating
following clearcutting a year prior and so I was able to observe how multiple anthropogenic
disturbance events influenced survival and resprouting among successional tree species. I found
that half of the eight species measured survived and resprouted after burning, including Vismia
cayennensis and Vismia japurensis. I also observed several tree species that had colonized from
seed in the months following the burn, however, the Vismia species were the only ones present as
both resprouts and seedlings. The results of this chapter suggest that the dominance of Vismia on
previously burned land may be the product of a novel post-fire colonization strategy.
In Chapter four, I used a long-term dataset of successional forests regenerating on land
with variable fire history to ask whether the number of prior anthropogenic burns affects the
demography of multi and single-stemmed trees. For some species, the number of fires before
abandonment increases the probability that an individual tree will have multiple stems rather
than one. The results of this study provide additional evidence that populations of Vismia species
are comprised of both resprouters and seed-based recruits whereas other species rely on one
strategy or the other.
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Interspecific differences in resource allocation strategies within this community,
specifically with respect to trade-offs between seeding-resprouting and growth-storage should be
the focus of future work. Much of the physiology known to influence resprouting ability is
unclear for many species in this community such as carbohydrate reserve pools with trees. I
expect to find clear differences between species that resprout after burning and those that are
killed in the size of reserve pools and density of buds/meristems situated belowground and,
therefore, protected from fire. This dissertation examined only a handful of the total number of
species found in regenerating Amazonian forests, but it provides a basis for continued research
on the role of resprouting and anthropogenic disturbance in shaping community structure and
composition.
Rainforests across the globe are under increasing pressure from anthropogenic
disturbances such as logging, slash-and-burn agriculture, and ranching. Fires, both natural and
anthropogenic, are expected to become more frequent and forests are increasingly vulnerable to
fire as the effects of a changing climate become more severe. This dissertation shows that
differences in the frequency, severity, and type of anthropogenic disturbance prior to
abandonment differentially influence survival and colonization in tropical moist forest tree
species. I also show that interspecific differences in post-fire resprouting and seeding and firefrequency may be reflected in the demography of multi and single-stemmed trees of regenerating
forest after abandonment. With continued research on resource allocation and resprouting among
tropical forest trees, we may better understand how disturbance and plant traits interact to shape
successional forests following a novel anthropogenic disturbance regime.
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APPENDIX A. SUPPORTING INFORMATION FOR CHAPTER 2
Table A.1. Cecropia and Vismia species sampled; total trees cut during experiment and
the number of trees with stem diameters between 0.5 – 4 cm used for analyses.
Species

Total individuals
sampled

Individuals used for
analyses

Cecropia purpurascens

94

77

Cecropia sciadophylla

82

76

Vismia cayennensis

124

121

Vismia guianensis

127

122

Vismia japurensis

114

106
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Figure A.1. Stem diameter (cm) frequencies for each species. Vertical solid lines denote the
geometric mean. Dashed lines define the diameter range subset for standardized analyses on
the interval [0.5, 4.0].
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Table A.2. Resprout number by location GAM model output. Component denotes parameterization of
the model effect, where intercept (Cecropia purpurascens) is the reference species level and s()
denotes smooth function of X. Significance of all terms is Wald χ2. “-”denotes not applicable values.
⊗ is the Kronecker cross-product for smooth matrix multiplicative interactions.
Component
Parametric

Effect

Term
Intercept
Species
C. sciadophylla
V. cayennensis
V. guianensis
V. japurensis
Location
Lateral
Location*Species
C. sciadophylla*Lateral
V. cayennensis*Lateral
V. guianensis*Lateral
V. japurensis*Lateral
Nonparametric Diameter*Location
s(Diameter)*Basal
s(Diameter)*Lateral
Cut height*Location
s(Cut)*Basal
s(Cut)*Lateral
Diameter*Cut*Location te(Dia.⊗Cut)*Lateral
te(Dia.⊗Cut)*Basal
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Wald
df Coefficient SE χ2
P
1
-0.30
0.16 3.52 0.06
1
-0.31
0.22 1.99 0.147
1
-2.14
0.37 33.45 <0.001
1
-0.73
0.23 10.07 0.002
1
-1.35
0.29 21.67 <0.001
1
1.26
0.17 54.93 <0.001
1
0.65
0.25 6.76 0.008
1
2.44
0.38 41.23 <0.001
1
1.19
0.26 20.95 <0.001
1
1.53
0.32 22.86 <0.001
1.2
8.90 0.001
0.0
0.00 0.793
1.0
3.98 0.037
2.1
- 168.23 <0.001
3.0
7.51 0.029
0.0
0.01 0.354

Table A.3. Survivorship GAM model output. Component denotes parameterization of the model
effect, where intercept (Cecropia) is the reference genus level and s() denotes smooth function of
X. Significance of all terms is Wald χ2. “-” denotes not applicable values.
Component
Parametric
Nonparametric

Effect
Intercept
Genus: Vismia
s(Diameter)
s(Cut height)

df
1
1
4.0
2.3
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Coefficient
2.38
-2.03
-

SE
0.26
0.37
-

Wald χ2
81.05
29.61
21.53
20.12

p-value
<0.001
<0.001
<0.001
<0.001

1

C. purpurascens
C. sciadophylla

Survival

0

1

V. cayennensis
V. guianensis
V. japurensis

0

0

10

50

25

Cut height (cm)

Figure A.2. Survivorship by Cecropia and Vismia species. Each point represents and
individual tree that either survived (1) or died (0) following stem cutting. The blue line shows
mean survivorship (+ 95% CI) among Cecropia species (top panel) and Vismia species
(bottom panel).
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Figure A.3. Boxplots showing number of resprouts produced from lateral roots (A) and from
basal tissues (B) across sampled species by cut height. Thick horizontal lines at each cut height
represent mean number of resprouts produced. Black points represent individual trees.
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A

B

C

D

E

Figure B.1. Experimental timeline and photos of experimental plots at the time of first
sampling (2 years after initial clearcut; A), prior to burning (B), during burning (C),
immediately after burning (D), and at the time of second sampling (7 months after burning; E).
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Table B.1. Taxonomy and descriptions of study species prior to including mean stem diameter at
20 cm above ground level, plants height prior to burning, and the number of resprouts prior to
burning.
Family

Species

Flacourtiaceae

Casearia arborea

Stem diameter
Plant
# Resprouts
(SE)
height (SE)
(SE)
4.84 (0.17)
1.84 (0.02) 5.63 (1.88)

Goupiaceae

Goupia glabra

6.52 (0.98)

2.1 (0.19)

6.35 (0.32)

Hypericaceae

Vismia cayennensis

9.77 (1.08)

2.53 (0.28)

2.88 (0.12)

Vismia japurensis

4.76 (0.62)

2.35 (0.3)

3.46 (0.44)

Belucia dichotoma

5.34 (2.33)

2.18 (0.18)

3.39 (0.57)

Miconia dispar

2.44 (0.29)

2.18 (0.23)

2.24 (0.8)

Rubiaceae

Palicourea guianensis

2.91 (0.23)

2.07 (0.23)

3.00 (0.69)

Urticaceae

Cecropia sciadophyla

7.51 (2.35)

3.33 (0.38)

2.75 (0.95)

Melastomataceae
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Table B.2. Parametric estimates and term significance of post-burn survival on pre-burn cut
height from binomial GAMM. The reference species is Casearia arborea.
Parametric coefficients

Estimate

SE

t

P

Intercept

4.70

1.10

4.13

<0.001

G. glabra

-1.59

1.54

-1.03

0.300

V. cayennensis

-6.93

1.42

-4.89

<0.001

V. japurensis

-5.82

1.62

-3.60

<0.001

Cut height

-0.22

0.03

-8.48

<0.001

Cut height*G. glabra

0.15

0.04

4.40

<0.001

Cut height*V. cayennensis

0.22

0.03

7.57

<0.001

Cut height*V. japurensis

0.23

0.04

6.59

<0.001

Approximate significance of smooth terms
te(pre-fire height, pre-fire resprout #)

74

DF

F

P

2

152.9

<0.001

Table B.3. Parameter estimates of post-fire resprout number on stem diameter and pre-fire plant
height from Poisson GLM. The reference species is Casearia arborea.
Parametric coefficients

Estimate

SE

t

P

(Intercept)

1.58

0.22

7.22

<0.001

G. glabra

-0.92

0.20

-4.52

<0.001

V. cayennensis

-0.71

0.24

-2.92

0.006

V. japurensis

-0.61

0.20

-3.09

0.004

Stem diameter

0.06

0.03

2.18

0.035

Pre-fire plant height

0.53

0.17

3.10

0.004
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Figure B.2. Geometric means of seedling abundance among all transects (+SE).
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Table C.1. Parameter estimates of being multi-stemmed on species and number of fires prior to
abandonment from Binomial GLMM. The reference species is Bellucia dichotoma. Transect is
included as a random effect.
Main effects:
Term

Estimate

SE

t

P

(Intercept)

-2.07

0.59

-3.52

<0.001

Bocageopsis multiflora

0.10

0.97

0.10

0.918

Casearia arborea

-0.13

1.24

-0.11

0.914

Cecropia purpurascens

-0.31

1.09

-0.28

0.778

Cecropia sciadophylla

-1.26

0.68

-1.86

0.063

Cordia sagotii

-1.74

1.41

-1.23

0.218

Goupia glabra

0.01

0.84

0.01

0.994

Guatteria foliosa

1.62

0.93

1.75

0.080

Guatteria olivacea

-1.15

0.96

-1.20

0.229

Guatteria scytophylla

0.06

1.27

0.05

0.961

Isertia hypoleuca

2.35

1.16

2.02

0.043

Laetia procera

-1.76

0.91

-1.93

0.053

Miconia burchellii

-0.80

0.82

-0.97

0.331

Miconia phanerostila

-0.87

1.19

-0.73

0.467

Miconia tomentosa

-0.26

1.20

-0.22

0.828

Vismia cayennensis

-1.02

0.63

-1.63

0.103

Vismia guianensis

-1.51

1.00

-1.52

0.129

Vismia japurensis

-0.46

0.64

-0.72

0.472

# fires

-0.02

0.17

-0.14

0.887
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Bocageopsis multiflora: # fires

0.05

0.40

0.12

0.905

Casearia arborea: # fires

0.19

0.35

0.55

0.582

Cecropia purpurascens: # fires

0.03

0.45

0.06

0.955

Cecropia sciadophylla: # fires

0.27

0.22

1.22

0.222

Cordia sagotii: # fires

0.49

0.41

1.19

0.235

Goupia glabra: # fires

0.56

0.23

2.49

0.013

Guatteria foliosa: # fires

-1.30

0.65

-2.00

0.046

Guatteria olivacea: # fires

0.43

0.25

1.70

0.089

Guatteria scytophylla: # fires

0.10

0.34

0.31

0.755

Isertia hypoleuca: # fires

-0.25

0.43

-0.58

0.559

Laetia procera: # fires

0.71

0.26

2.71

0.007

Miconia burchellii: # fires

0.02

0.32

0.07

0.944

Miconia phanerostila: # fires

0.39

0.24

1.59

0.112

Miconia tomentosa: # fires

0.47

0.41

1.14

0.256

Vismia cayennensis: # fires

0.31

0.16

1.89

0.059

Vismia guianensis: # fires

0.59

0.23

2.57

0.010

Vismia japurensis: # fires

0.41

0.16

2.51

0.012

Random effects:

Variance SD

Transect

0.779

0.883
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